We report the study of an electrically driven nanopyramid-on-pillar green light-emitting diode (LED). The pyramid-on-pillar nanostructure was fabricated by top-down etching from a GaN template, followed by epitaxial regrowth. High-In-content InGaN/GaN multiple quantum wells (MQWs) were grown on semipolar pyramid and nonpolar pillar surfaces. The measured radiative lifetimes of MQWs on these two surfaces were 2 orders of magnitude shorter than that of a conventional c-plane (0001) MQW owing to their lower polarization field. Electrical injection performance was also demonstrated and discussed.
T hree-dimensional GaN nanostructures such as nanopyramids, [1] [2] [3] [4] [5] [6] [7] core-shell nanorods, [8] [9] [10] [11] and dot=disk-in-a-wire [12] [13] [14] [15] have attracted significant research interest as alternative device structures to realize high-Incontent InGaN light-emitting diodes (LEDs). Conventional GaN LEDs are often grown on c-plane substrates using a two-dimensional (2D) planar structure. The emission wavelength is normally at blue wavelength where emission efficiency is optimal. The c-plane crystal surface has a strong polarization field that can significantly reduce the electronhole wave function overlap and compromise the radiative emission efficiency. This problem becomes even more serious when the In content in InGaN=GaN multiple quantum wells (MQWs) increases for green and longer wavelength emissions. The lattice mismatch between InGaN and GaN can induce a large piezoelectric field as the In content increases. One way of solving this problem is to grow InGaN= GaN MQWs on a nonpolar or semipolar crystal plane, which has a zero or small polarization field. Experimental demonstrations have shown an improved photoluminescent (PL) emission efficiency for MQWs grown on semipolar and nonpolar substrates. [16] [17] [18] Large semipolar and nonpolar substrates suitable for epitaxial production are, however, difficult to obtain. Crystalline 3D nanostructures have been considered as an alternative to gain access to the nonpolar or semipolar crystal plane. They can be obtained by selective area growth from the opening holes of a SiO 2 -masked c-plane GaN substrate or by regrowth on nanopillars fabricated from a c-plane GaN substrate. The 3D nanostructure growth can also lead to a lower defect density because it has a smaller contact area with the growth template and less strain build up. [19] [20] [21] There has been considerable research interest in using 3D nanostructures for GaN LED applications. Owing to the 3D nature, the fabrication process and device properties can be significantly different from those of the conventional 2D planar device. Here, we report on the fabrication and study of a nanopyramid-on-pillar green LED.
In this study, we used patterned top-down etching and subsequent regrowth to fabricate a nanopyramid-on-pillar LED from a c-plane substrate. High-In-content InGaN= GaN MQWs were grown on the pyramid and pillar facets, followed by conformal p-GaN layer growth. Electrical contacts were fabricated on the LED sample by a standard chip fabrication process. The conformal growth and properties of InGaN=GaN MQWs were studied by high-resolution transmission electron microscopy (HR-TEM) and energydispersive X-ray spectroscopy (EDS). PL measurements were carried out to study the quantum emission efficiency and carrier recombination dynamics. The electroluminescence (EL) of the fabricated nanostructure LED was demonstrated and showed promising potential for high-In-content InGaN= GaN MQW applications. Figure 1 shows the schematic of the fabrication process. A 2-µm-thick n-doped GaN template was first grown using a metalorganic chemical vapor deposition (MOCVD) reactor on a c-plane sapphire substrate, followed by 0.3 µm SiO 2 thin-film deposition on the substrate by plasma-enhanced chemical vapor deposition. An array of photoresist disks was fabricated by nanoimprint lithography and transferred to a SiO 2 thin film by reactive ion etching to form SiO 2 disks. The SiO 2 disks were used as hard masks in plasma reactive ion etching to etch down the exposed GaN and form GaN nanorods, as shown in Fig. 1(a) . The GaN nanorod has a diameter of 300 nm and a height of 1 µm. The spacing between rods is 750 nm. The SiO 2 disks were subsequently removed by buffer oxide etching. The nanorod sample was loaded into an MOCVD reactor for regrowth. Hexagonal side walls and pyramid top facets were formed on the nanorods. Three periods of InGaN=GaN MQWs were subsequently grown on the crystalline facets. The growth temperatures for the well and barrier are 830 and 900°C, respectively, and the growth pressure is 300 mbar. A p-type GaN layer was finally grown on the MQW stack, forming a pyramidon-pillar LED structure. The fabricated sample exhibited six nonpolar f10 10g sidewalls and semipolar f10 11g pyramid top facets, as shown in Fig. 1(b) . The diameter of the pillar after MOCVD regrowth was increased to about 900 nm. A uniform ITO transparent conductive layer was deposited on the p-GaN layer and Cr=Ti=Au was used as p-and n-pad ohmic metal contacts. The fabricated LED emitting area is 350 × 350 µm 2 . The schematic of the electrically driven pyramid-on-pillar LED is shown in Fig. 1(c) . 10g nonpolar sidewalls, on the other hand, become smaller from the inner to outer shells. This thickness change was attributed to the decrease in pillar spacing during MQW growth, which reduced the diffusion of the source into the space among pillars for sidewall growth. The indium compositions of In x Ga 1−x N wells on f10 11g semipolar and f10 10g nonpolar planes were determined by EDS to be about 0.28 (±0.03) and 0.16 (±0.03), respectively.
The internal quantum efficiency (IQE) of the fabricated nanorod LED was analyzed by temperature-dependent PL measurement from 20 to 300 K. The typical measured roomtemperature spectrum, as shown in the inset of Fig. 3(a) , has two peaks located around blue and green wavelength regions.
On the basis of previous EDS analysis results, the blue and green peaks are attributed to QW emission from nonpolar sidewall and semipolar pyramid facets, respectively. The PL spectrum was fitted by two Gaussian functions to extract individual spectra. The IQE was obtained by normalizing the integrated intensity of each spectrum by its value at a low temperature. The IQE is regarded close to one at a low temperature because nonradiative recombination is mostly suppressed. The Arrhenius plot of the normalized power of each peak versus the inverse of temperature (1=K) is shown in Fig. 3 . The measured IQEs at room temperature for the nonpolar blue and semipolar green peaks are 19 and 24%, respectively. The Arrhenius plots of each curve were fitted by the following equation:
where I 0 is the PL intensity at 20 K, A and B are rate constants, K B is Boltzmann's constant, T is temperature, and E a and E b are activation energy barriers for carrier loss channels. 22) The E a and E b of blue and green emissions are 50 and 12 meV, and 134 and 18 meV, respectively. The large activation energy E a is due to exciton binding energy or quantum well confinement energy. The latter small activation energy E b is attributed to the localization energy barrier due to In fluctuations in MQWs. 23) This energy barrier is important for preventing the loss of carriers from nonradiative recombination centers.
24) The higher IQE for green MQWs than for blue MQWs is attributable to their higher localization energy E b .
We used time-resolved (TR) PL measurement to study the excited carrier dynamics. The measured TRPL decay curves for the blue and green emissions at 20 and 300 K are shown in Figs. 4(a)-4(d) . The decay curves were fitted by a combined exponential and stretched exponential equation,
where IðtÞ is the PL intensity, τ 1 and τ 2 are the lifetime constants, and β is a dispersive exponent. The fast decay term is used to represent the PL lifetime PL since the PL intensity is normally limited by the fast component. 25, 26) The fitted curves are also shown in Figs Fig. 3 . Arrhenius plot of the normalized PL intensities of green and blue emissions. The inset is the room-temperature PL spectrum with two fitting curves to green and blue emissions. 300 K are 0.83 and 0.48 ns, respectively. The measured lifetime at 20 K is regarded as the radiative lifetime r since nonradiative recombination processes are mostly suppressed at low temperatures. The measured radiative lifetimes are about two orders of magnitude shorter than the typically high tens to hundreds of ns values reported for c-plane MQWs, 27) showing the greatly enhanced radiative emission efficiency. The much shorter radiative lifetime is a result of the reduced polarization field on semipolar and nonpolar planes. The room-temperature radiative and nonradiative lifetimes, r and nr , respectively, can be obtained from the measured IQE and PL lifetime PL using the following equations:
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The room-temperature r values of nonpolar blue and semipolar green emissions are 1.5 and 2 ns, respectively. The nr values are 0.36 and 0.63 ns, respectively. The nr values are also significantly reduced as compared with those reported for c-plane MQWs. This is likely due to a higher defect density resulting from the non-optimized pyramidon-pillar regrowth. The reduced nr compromises the IQE enhancement obtained from a shorter r . Nevertheless, the defect density is an extrinsic property that can be reduced by further growth improvement. The EL spectra of the pyramid-on-pillar LED under different injection currents are shown in Fig. 5(a) . On the basis of the previous analysis results, the EL peaks are attributed to emissions from the semipolar pyramid facets and nonpolar nanopillar sidewalls. The driving voltage and light output power versus injection current is shown in Fig. 5(b) . The turn-on voltage occurs around the nominal 3 V value. The operating voltage increases to 5 V as current increases, implying that there is a significantly high resistance. The high resistance is likely due to the corrugated pyramidal top surface. The light output power has a slow turn-on at around 20 A=cm 2 . This indicates that there is some leakage current, which may be due to defects at the pyramid coalescent boundaries. At a large injection current, the emission spectrum is mainly dominated by the green emission from MQWs on pyramid facets. The emission positions ðx; yÞ on a chromaticity diagram under injection currents from 30 to 250 mA are shown in Fig. 5(c) . The values of x and y are in the green ranges of 0.73-0.23 and 0.50-0.52, respectively. The optical microscopy images of the green nanopyramid-onpillar LED at 20, 100, and 250 mA injection currents are shown in the inset of Fig. 5(c) , indicating reasonably good current spreading despite the corrugated pyramidal surface. This shows that the conformal p-GaN and current spreading ITO coating can provide effective electrical injection to the corrugated MQWs on the pyramid surface. Figure 5 (d) shows the external quantum efficiency (EQE) versus current density. A commercial planar green LED grown on a c-plane sapphire substrate was also included for comparison. The peak EQEs for the planar and pyramid-onpillar green LEDs are 5 and 0.25%, respectively. Efficiency droop is an important performance parameter for LED lighting applications. The mechanisms could be attributed to Auger recombination, electron overflow, and so forth. The efficiency droop behavior can be described using the equation 28, 29) y ¼ Bx
where y is a measure of EQE, η is a normalization factor, and x is the carrier density. Ax þ Bx 2 þ Cx 3 describes the carrier recombination rate, where A includes the Shockley-ReadHall coefficient and other linear carrier loss paths, B is the radiative coefficient, and C includes the Auger coefficient and other possible third-order leakage terms. The high-order dependence of x is neglected here. The droop is due to the high-order dependence The larger leakage current for the pyramid-on-pillar LED is consistent with its larger A coefficient. The larger radiative B coefficient indicates a higher radiative recombination efficiency, which is also consistent with the PL lifetime measurement. The fitted C value is about an order of magnitude smaller. This can be attributed to the lower internal polarization field, which allows carriers to be more uniformly distributed in MQWs, thus lowering the Auger recombination. 30) Despite the improved B and C coefficients, the much larger coefficient A seriously degrades the EQE. The large coefficient A does not conflict with the measured substantial IQE because the latter can only measure carrier loss due to thermally activated nonradiative recombination defects, while the former includes both defects and current leakage paths. The large A value implies that there are significant leakage paths due to fabrication imperfection. If the A value is reduced to a nominal one by growth optimization, the larger B and smaller C values from the pyramid structure will markedly reduce the efficiency droop.
In summary, we have demonstrated an electrically driven nanopyramid-on-pillar green LED. The sample was fabricated from an n-doped GaN epitaxial template by nanoimprint patterned etching and MOCVD epitaxial regrowth to form semipolar pyramid and nonpolar pillar facets. High-In-content InGaN=GaN MQWs were grown on the pyramid and pillar facets. PL measurement shows an enhanced radiative emission efficiency owing to the reduced polarization field of the semipolar and nonpolar surfaces. IQEs of 19-24% were measured. Despite some electrical contact resistance and possible leakage current due to the corrugated pyramid surface, EL measurement still demonstrates reasonable uniform green emission. These results demonstrate the promising potential of using the pyramid-on-pillar nanostructure for high-In-content InGaN=GaN MQW LED applications.
